The effective ion-exchange capacities of ion-exchange materials were determined by measuring the change in the equilibrium conductivity of a column packed with analyte. The developed instrumental method can provide effective ion-exchange capacities for both cation and anion exchangers with simple operations. The cation-exchange capacity of a weak-acid cation-exchange resin (TSKgel SuperIC-Cation column) depended on the conditioning pH and the molar concentration of the conditioning agent. Plots of effective cation-exchange capacities over the conditioning pH exhibited three inflection points, suggesting the presence of two carboxy groups and one phenolic OH group in the resin, probably due to the inherent base polymer. This method was applied to several commercial analytical columns for ion chromatography, and could provide scientifically useful results for characterizing the resin properties.
Introduction
Ion-exchange materials are widely used in industrial and scientific fields, for example, water treatments and chromatographic separations. Ion-chromatographic separations of common cations are carried out mainly using a weak-acid cation-exchange column in recent years. Although the total cation-exchange capacity (CEC) of such carboxy-functionalized resin is considerably high, the concentration of the eluting ion is relatively low, usually on the mM order, 5 mM HNO3 for example. Since the CEC of a carboxy-type resin is very dependent on the eluent pH, the real working capacity under chromatographic conditions is considerably small, and is probably on the order of several μmol mL -1 . In other words, to estimate such a conditional or effective CEC (denoted as ECEC in this study) of the cation-exchange materials is thought to be more useful and helpful than CEC to construct or optimize the eluting condition. However, we can simply know the maximum CEC for commercial ion-chromatography columns according to the manufacturer's report.
On the other hand, ECEC is one of the key factors to characterize the behaviors of heavy metal ions in soils, sediments, and water in contact with soils and sediments. [1] [2] [3] [4] Several analytical methods to estimate the ECECs have been proposed. [5] [6] [7] [8] [9] In general, however, these methods are based on the traditional open-column conditioning and/or batch equilibration, followed by the titrimetric techniques. The so-called Schillenberger method has above all been used in soil research since long ago, 8 for measuring the amount of exchangeable ammonium ions under a neutral condition. In the case of synthesized cation-exchange resins, ECEC is also an important parameter, representing the performances of an ion-exchange resin, [10] [11] [12] which is determined by using a similar traditional titrimetric method as seen in the determination of ECEC of soils. In particular, the procedures proposed for measuring pH-dependent CECs, that is ECECs, of the carboxy-type weak-acid cation-exchange resins are very cumbersome and time consuming. 12 In our experience, it required 72-h standing in several conditioning agents of different pH at room temperature to establish sufficient equilibrations between the analyte ion-exchange resins and the conditioning ions.
As an alternative to such a traditional titrimetric method, an instrumental method for the determination of cation-and anion-exchange capacities of ion-exchange materials was introduced. This method is based on a change in the equilibrium conductivity of the effluent through a column packed with an analyte resin, which is essentially different from the conventional electric-conductivity monitoring system to monitor water purity. This paper describes the determinations of CEC, ECEC, and AEC (anion-exchange capacity) of ion-exchange resins for ion-chromatography and of size-exclusion resins for GPC (gel permeation chromatography), both commercially available, using the new instrumental method. In addition, the inherent functional properties of the ion-exchange materials were characterized by analyzing their ECECs, and the unintentional or inherent ion-exchanging property of several chromatography columns were made clear. dihydrogenphosphate dihydrate, disodium hydrogenphosphate, sodium carbonate, sodium hydroxide, calcium nitrate tetrahydrate, calcium acetate monohydrate, and nitric acid all of guaranteed grade were purchased from Wako (Osaka, Japan).
Tap-water was purified by passing through a Nihon Millpore (Tokyo, Japan) Direct-Q water purification system just before use. Carbonate-free water, prepared by boiling purified water for a while, was used for column washing.
Several commercially available ion-chromatography columns, such as a Tosoh (Tokyo, Japan) TSKgel SuperIC-Cation , and a Showa Denko (Tokyo, Japan) Shodex IC YK-421 (4.6 mm i.d. × 125 mm, carboxy type), and GPC columns, such as a TSKgel G1000HHR (re-packed into a column of 4.6 mm i.d. × 150 mm, 5 μm, PS-DVB) and a TSKgel SuperH2000 (6.0 mm i.d. × 150 mm, 3 μm, PS-DVB), were used as the analytes. In addition, a low-capacity cation-exchange column, termed TMR-A (4.6 mm i.d. × 150 mm, 5 μm, sulfonated to be ca. 50 μmol/column), laboratory-modified and specialized for amino-acid analysis, 13, 14 was also subjected to analysis; the base polymer of a highly cross-linked macroreticular polystyrene-divinylbenzene copolymer, taken out from the commercial column TSKgel G1000HHR (7.8 mm i.d. × 300 mm, 5 μm, PS-DVB), was sulfo-functionalized after Friedel-Crafts acylation to be in low-capacity. The detailed modification procedure is described in our earlier paper. 13 
Instrumentation
The instrument used for the determination of the ion-exchange capacity consisted of a Hitachi (Tokyo, Japan) L-7110 solvent delivery pump (operated at a flow rate of 0.5 or 1.0 mL min -1 ), a SUGAI (Wakayama, Japan) U-620 column oven (40 C), and a Tosoh CM-8000 conductivity detector, just similar to a non-suppressor single-column ion chromatograph without a sample injector, as illustrated in Scheme 1. The analog output signals from the detector were digitized via an Advantest (Tokyo, Japan) 7351E digital multimeter, and the conductivity changes were recorded through a USB interface on a Windows ® computer with an ADC (Tokyo, Japan) data-acquisition program, 7351_u_demo05 written with Microsoft-Excel VBA.
A Swagelok (Ohio, USA) SS4R3A pressure regulator was placed between the pump and the column as occasion demanded.
Procedure
The analyte column, as purchased or that packed with a target ion-exchange resin, was connected and placed in an oven. The column was rinsed by passing carbonate-free water until the conductivity of the column effluent decreased to the minimal one displayed. To convert the cation-exchange resin into the Na + form, a "conditioning agent", NaNO3 for example, was passed through the column at a flow rate of 0.5 or 1 mL min -1 at 40 C until the equilibrium conductivity was constant, or was led to the bulk conductivity of the conditioning agent. Then the residual Na + ions in the column were washed away by passing carbonate-free water. Subsequently, the "regenerating agent" HNO3 was passed through the Na + -form column until almost all of the Na + ions replaced by H + ions came out from the column, while the equilibrium conductivity of the column effluent was changed dynamically, as shown in Fig. 1 .
The molar concentrations of the conditioning agent and the regenerating agent were varied properly as occasion called.
The conditioner/regenerant pair is expressed as "10 mM NaNO3/5 mM HNO3", for example, in this paper. The duration time, T, corresponding to the distance between the two midpoints of the sharp uprisings of the conductivity ( Fig. 1) , was defined as the net regenerating time necessary for the equivalent cation exchange of the analyte resins in the column. Figure 1 shows an equilibrium conductivity curve for an analyte column packed with a low-capacity cation-exchange resin, based on the cation change by treating with the 10 mM NaNO3/10 mM HNO3 pair. The peak appearing at first is due to mainly H + ions replaced by Na + ions in this conditioning period. The subsequent flat level implies an overflow of Na + . The peak top could not reach the bulk conductivity of 10 mM HNO3, and the conductivity around the flat level was higher than that of 10 mM NaNO3. This probably indicates that the conditioning agent, Na + , is partly co-eluted with the regenerating agent, H + , because of a significant difference in the diffusion power (H + >> Na + ) into the resin matrix. Therefore, such a peak width is unsuitable for calculating the cation-exchange capacity.
Results and Discussion

Determination of effective ion-exchange capacity
The bottom conductivity is due to the carbonate-free ultra-pure water that can wash away the residual Na + ions in the column, in which the lowest numerical conductivity displayed is dependent on the detector performance. On this stage, 30 min was practically sufficient and acceptable for column washing with carbonate-free water. For example, the ECECs of the weak-acid cation-exchange resin, conditioned by the pH-6.8 phosphate buffer, as in Table 1 measured after washing for 30 and 180 min, respectively. To avoid an undesirable replacement from occurring between Na + and H + during the washing period, likely due to carbon dioxide from the atmosphere, carbonate-free water was essential for column washing.
The following uprise of the effluent conductivity is based on the equivalent cation exchange from the Na + form to the H + form, that is, R-Na + + H + → R-H + + Na + (R: cation exchanger). The medial plateau is due to the elution of Na + ions replaced by H + ions, exhibiting ca. 1200 μS cm -1 , just corresponding to a bulk conductivity of 10 mM NaNO3, which was very consistent with the Na + concentration determined by atomic absorption spectrometry (AAS).
A subsequent sharp uprise was due to H + overflowed from the column, accompanied by a slight amount of Na + , which could finally reach about 4000 μS cm -1 . This just corresponds to a bulk conductivity of 10 mM HNO3, in which Na + in the column effluent around 150 min was less than 0.01 mmol L -1 , confirmed by AAS. Since the concentration of Na + around the gentle slope after 110 min was significantly negligible, the midpoint between the two plateaus, (b) and (c) in Fig. 1 , can represent the substantial end-point of the cation-exchange reaction. This is the method definition.
The product of the flow-rate and the regenerating time, T (see Fig. 1 ), corresponds to the volume of regenerant (H + ) required for cation exchange from R-Na + to R-H + . Therefore, the effective cation-exchange capacity (mol L -1 ) can be determined by
where T (regenerating time, min) is the time between the two midpoints of sequential uprisings; S (mL min -1 ) and C (mol L -1 ) are the flow rate and the molar concentration of the regenerating agent (H + ), respectively; Z is the charge number of the counter anion of H + (in this case, NO3 -); V (mL) is the column volume. The equation is applicable to any other types of ion exchangers. If the bulk density of the resin is known, the ECEC value in mol g -1 is available.
Effects of passing volume of conditioning agent on ECEC
Since the diffusion power of Na + or other common cations into the resin matrix is considerably slower than that of H + , the exchange from the H + form to the Na + form can take much time for complete equilibration. Therefore, the effluent conductivity was gradually decreased toward the proper value of the conditioning agent, as can be seen in Fig. 1 . Although the conditioning with 10 mM NaNO3 at 0.5 mL min -1 looked like equilibrium after 60 min, or after passing 30 mL of the Na + solution through a cation-exchange resin packed in the 2.5-mL column, the conductivity still decreased little by little. This is probably due to the co-elution of a very small amount of H + ions still replaced by Na + . The effect of the conditioning volume/time was thus studied using the carboxy-type SuperIC-Cation column by treating with 10 mM NaNO3 and 100 mM NaNO3 as conditioning agents. Figure 2 shows the relationships between the total amount of the conditioning agent and ECECs. The ECECs significantly increased according to the increase in the total amount of the conditioning agent passed though the column. The maximum dissociable carboxy group sites in the resin matrix may be ca. 0.7 mol L -1 . When 10 mM NaNO3 or 100 mM NaNO3 was passed through the column, the pH of the column effluent was about 3.0. In this case, the carboxylic sites in the resin were only slightly dissociated. As the conditioning volume was increased, the equilibrium pH of the effluent was gradually increased, and as a result the undissociated carboxy group became dissociable little by little. Thus, the ECEC of a weak-acid cation-exchange resin was affected by the total volume or moles of the conditioning agent passed through. Since it is impossible to know the exact end of the ion-exchange reaction, an approximate equilibration is practically accepted. The ECECs obtained by this method should be conditional CECs under a fixed condition involving the molar concentration, temperature, flow rate, and time. In the present work, the passing time of the conditioning agent was fixed to 180 min throughout the experiments. Figure 3 shows the effects of the molar concentration of the Fig. 1 Equilibrium conductivity curve for a low-capacity cation-exchange resin treated with 10 mM NaNO3/10 mM HNO3 pair. The conductivity (40 C) levels for (a), (b), and (c) correspond to those of H2O, 10 mM NaNO3, and 10 mM HNO3, respectively. T indicates the time for equivalent cation exchange.
ECEC of carboxy-type cation-exchange resin (TSKgel SuperIC-Cation and Shodex IC YK-421)
conditioning agent on the ECEC of TSKgel SuperIC-Cation. The ECEC was also affected by the conditioning pH. When treating with neutral conditioning agents, such as NaNO3 and Ca(NO3)2, slight differences in ECEC were observed, in which the ECECs were gradually increased according to the increase in the concentration of the conditioning agent, giving ca. 0.070 mol L -1 by treating with the 100 mM NaNO3/15 mM HNO3 pair and ca. 0.080 mol L -1 with the 100 mM Ca(NO3)2/15 mM HNO3 pair. This is probably due to the difference in selectivity under weakly acidic conditions because of the dissolved CO2. Since the selectivity of Ca 2+ to the resin is higher than that of Na + , the capacity measured by treating with Ca 2+ should be higher than that with Na + . In contrast to this, the ECECs measured under alkaline conditions were greatly increased. The ECECs obtained by treating with the 100 mM Ca(OAc)2/15 mM HNO3 and 100 mM Na2CO3/15 mM HNO3 pairs were 0.64 and 0.66 mol L -1 , respectively. This was due to the higher degree of dissociation of carboxy group at alkaline pH exceeding 8. The ECECs obtained with the Na2CO3/HNO3 pair were almost independent of the molar concentration. This probably indicated the maximum capacity close to CEC.
In the case of treating with the NaOAc/HNO3 pair, the ECEC was strongly affected by the molar concentration of the conditioning agent. The difference in the effect of the molar concentration on the ECEC observed between with the NaOAc/HNO3 pair and with the Ca(OAc)2/HNO3 pair seems to be due to the difference in the cation selectivity and/or the coordination power.
On the other hand, in the case of Shodex IC YK-421, it was very useful to apply a constant back pressure to the column by controlling the back-pressure valve located between the column and the detector, as illustrated in Scheme 1, because such ion-exchange resins could shrink themselves inside the column upon changing the eluent pH, probably because of a gel-type resin. The ECECs obtained by treating with the 100 mM NaNO3/10 mM HNO3 and 100 mM NaOAc/10 mM HNO3 pairs were 0.054 and 0.171 mol L -1 , respectively. This result is consistent with the characteristics of weak-acid cation exchangers. Table 1 summarized the ECECs of the weak-acid cation-exchange resin packed in a TSKgel SuperIC-Cation column under different pH conditions. According to the increase in the column equilibrium pH, the ECECs were significantly increased. Figure 4 shows an ECEC curve for the TSKgel SuperIC-Cation resin over the conditioning pH. A possible and well-fitting line was obtained by connecting the plots smoothly, Fig. 2 Effects of the total amount of the conditioning agent on the ECEC of the cation-exchange column (TSKgel SuperIC-Cation) treated with 10 mM NaNO3 ( )/10 mM HNO3 and 100 mM NaNO3 ( )/10 mM HNO3 pairs at flow rate of 0.5 mL min -1 . The conditioning times corresponding to the moles for 10 and 100 mM NaNO3 were 3, 12, 48 h and 0.5, 3, 5 h in the order on the plots, respectively. Fig. 3 Effects of conditioning agents and their molar concentrations on the ECEC of weak-acid cation-exchange resin (TSKgel SuperIC-Cation). Each conditioning agent, NaNO3 ( ), Ca(NO3)2 ( ), NaOAc ( ), Ca(OAc)2 ( ), or Na2CO3 ( ), was passed through the column at 0.5 mL min -1 for 3 h. Fig. 4 Plots of ECECs of the weak-acid cation-exchange resin (TSKgel SuperIC-Cation) over the column equilibrium pH. All conditioning agents listed in Table 1 were individually passed through the column at 0.5 mL min -1 for 3 h. clearly exhibiting three inflection points around pH 5.5, 8, and 11, which was similar to the titration curve of a tri-functional weak acid titrated by NaOH. This can indicate that three kinds of cation-exchangeable sites at least exist in the resin of TSKgel SuperIC-Cation, having dissociation constants of pKa = 5.5, 8, and 11, approximately. This result suggested the presence of two kinds of carboxy groups and one phenolic OH group, probably originating from the inherent base polymer. In addition, the ECEC under the pH-12 condition was 0.71 mol L -1 , which corresponded to ca. 87% against the maximum ECEC, 0.82 mol L -1 , measured by the traditional titrimetric method. This is probably due to differences in the concentration and the pH of the conditioning agent and/or differences in the equilibration process, that is, static or dynamic ion-exchanging process.
CEC of strong-acid cation-exchange resin (TSKgel IC-Cation)
In the case of a TSKgel IC-Cation column, the CEC was calculated to be 0.011 ± 0.00015 mol L -1 (RSD: 1.4%, n = 3) by treating with either the 10 mM NaNO3/1 mM HNO3 or 10 mM NaOAc/1 mM HNO3 pair. The result indicated that the CEC was independent of the conditioning pH. In addition, the CEC was found very close to the manufacturer's value (0.012 ± 0.002 mol L -1 ). Such numerical agreement indicates that the proposed method can provide significant CECs for strong-acid cation-exchange resins, when the base polymer has no inherited ion-exchangeable sites. In the case of strong-acid cation-exchange resins, the selectivity of Ca 2+ is considerably higher than that of H + , so the regenerating agent H + can be slightly replaced by Ca 2+ , as is a well-known fact. When treating with the 10 mM Ca(NO3)2/15 mM HNO3 and 10 mM Ca(OAc)2/15 mM HNO3 pairs, two conductivity plateaus similar to those in Fig. 1 were not observed because of the less eluting power of H + .
AEC of strong-base anion-exchange resin (TSKgel SuperIC-AP)
The developed capacity analyzing system was applicable not only for cation exchangers but also for anion exchangers. The AEC of a strong-base anion-exchange resin, TSKgel SuperIC-AP, was similarly determined by treating with the 10 mM NaOAc/5 mM HNO3 pair, in which two plateaus were observed on the equilibrium conductivity curve of the column effluent, as shown in Fig. 5 . The conductivity of the first plateau exhibiting ca. 90 μS cm -1 just corresponded to that of 5 mM
HOAc. This indicates that OAc -retained in the strong-base anion-exchange resin was quantitatively replaced by NO3 -in the regenerating agent. The subsequent uprise is due to HNO3 overflowed from the column, and could reach ca. 2000 μS cm -1 , corresponding to the bulk conductivity of 5 mM HNO3.
The AEC of the column was calculated to be 0.038 ± 0.0004 mol L -1 (RSD 1.1%, n = 3) by treating with the 10 mM NaOAc/5 mM HNO3 pair, and to be 0.039 mol L -1 with the 100 mM NaOAc/5 mM HNO3 pair. This result indicated that the AEC of the strong-base anion-exchanger was little affected by the concentration of the conditioning agent, which was close to the catalogue value of 0.030 mol L -1 . In conclusion, the conditioner/regenerant pair of NaOAc/HNO3 is the common choice in the proposed method for the determination of both CEC of strong-acid and AEC of strong-base ion-exchange resins.
ECEC of self-made TMR-A sulfo-acylated cation-exchange resin
Although the TMR-A should be a low-capacity strong-acid cation-exchange resin, the CEC was unexpectedly dependent on both the pH and the molar concentration of the conditioning agent, as shown in Fig. 6 , similar to those seen in the TSKgel SuperIC-Cation, as above. Such sulfon-type cation-exchange resins should not be affected by the conditioning pH as well as the case of the TSKgel IC-Cation. Since a small difference was observed in the ECECs obtained by treating with the 100 mM NaOAc (pH 7)/5 mM HNO3 pair and with the 100 mM Na2CO3 (pH 11)/5 mM HNO3 pair, the presence of the phenolic OH group was less imaginable. However, the presence of carboxy groups in the resin was strongly acknowledged in addition to posteriorly introduced sulfon groups. Although the Friedel-Crafts sulfo-acylation can produce some byproducts involving aryl propionate, the contribution may be less than 5%. 15 Therefore, almost all of the carboxy functionality should be due to the inherent base polymer. In addition, the Ca 2+ selectivity of the TMR-A resin was not as high as the sulfon-type TSKgel IC-Cation, because two plateaus similar to those seen in Fig. 1 were observed when treating with the Ca 2+ /H + pair. This can suggest that the selectivity for H + /Ca 2+ of the TMR-A resin is similar to that of the weak-acid cation-chromatography resin. 
ECEC of size-exclusion resin for GPC (TSKgel G1000HHR and SuperH2000)
A cation-exchanging property was unexpectedly found in the size-exclusion resin (styrene-divinylbenzene co-polymer of high cross-linkage) for GPC use (TSKgel Gxxxx HHR series column). Small but significant ECECs of 2.8, 13, and 38 μmol mL -1 were found by treating with the 10 mM NaNO3/15 mM HNO3, 10 mM NaOAc/15 mM HNO3, and 10 mM Na2CO3/ 15 mM HNO3 pairs, respectively. This result suggested that the presence of some carboxy functional groups, as mentioned above, probably originated from some cross-linking materials and/or some residual polymerization initiator, such as benzoyl peroxide. The presence of such dissociable functional groups in the polymer can more or less affect the chromatographic separations, which is very consistent with the experimental fact that some polar compounds can often appear as somewhat tailing peaks (due to by polar-polar interaction) on the GPC chromatogram when using the HHR series columns. The pH dependence of the CEC observed in the laboratory-modified resin (TMR-A), shown in Fig. 6 , was again explained by the presence of such inherent cation-exchange sites located in the base polymer.
On the other hand, the TSKgel SuperH2000 column could provide an equilibrium conductivity curve through the ECEC measurement by treating with the 10 mM NaOAc/15 mM HNO3 pair, as shown in Fig. 7 , which was very similar to that provided by the anion-exchange column (TSKgel SuperIC-AP), as mentioned above. Since the conductivity at the first plateau corresponds to that of 15 mM HOAc, it should be concluded that anion exchange between OAc -and NO3 -really occurred in the column. Contrary to this, the treatment with the 10 mM NaNO3/15 mM HNO3 pair could not provide any significant conductivity curve, which indicated the absence of cation-exchange sites in the resin. This result strongly suggests that the SuperH series resins of highly cross-linked styrene-divinylbenzene co-polymer have some anion-exchange sites in the resin framework, probably originating from some cross-linking materials having nitrogen atoms.
Such an unexpected AEC was determined to be 40 μmol mL -1 .
Conclusion
The proposed capacity analyzer is versatile and trustworthy, and can provide effective ion-exchange capacities for various kinds of cation-and anion-exchangeable materials of interest, which has been well demonstrated by characterizing several ion-chromatography and size-exclusion resins. The present study could allow us to recognize the unaware but serious fact that the unintended inherent and/or residual ion-exchangeable functionality of base polymers, originating from the raw materials for polymerization, such as cross-linking agents, porogents, reaction initiators, and/or byproducts, in addition to the major ion-exchange groups, could affect the chromatographic selectivity of low-capacity ion-exchange resins. The conventional titrimetric methods, inconveniently but widely used, will give way to the capacity analyzer for the determination of effective ion-exchange capacities. The method is useful for fully characterizing ion-chromatography resins having new selectivity, and is also applicable to the characterization of inorganic cation-exchange materials, such as zeolite and soil minerals.
Further studies of applications to inorganic ion-exchangers, especially for the characterization of synthetic zeolite, are now underway, and the details will appear in due course.
